Abstract. The presence of a vacuolar-type ATPase in Malpighian tubules of the ant Formica polyctena was investigated immunocytochemically, using antibodies to vacuolar ATPases of Manduca sexta midgut and bovine kidney. Specific labelling was observed at the brush border of the epithelium, extending along the entire length of the tubules. These findings agree with the current view that a vacuolar ATPase is situated at the apical membrane of Malpighian tubule cells and other insect epithelial cells, being the energizing element of an electrogenic potassium pump. When antibodies were tested on tubules in different secretion conditions prior to fixation, no differences were observed in the distribution of the vacuolar ATPase.
Introduction
Vacuolar ATPases (V-ATPases) constitute a third family of ion-motive ATPases, displaying structural and inhibitory properties that distinguish them from F-type and Ptype ATPases. They are large enzymes comprised of multiple subunits which, as far as it is known, translocate protons (Pedersen and Carafoli 1987; Forgac 1989) . In eukaryotic cells, these pumps have been associated mainly with vacuolar membranes, being responsible for acidification of a variety of subcellular compartments (Mellman et al. 1986; Forgac 1989) . However, evidence has been accumulating over recent years for the presence of V-ATPases in the plasma membranes of diverse animal cells capable of proton secretion, such as those in This work was supported by grants from the European Community (SCI-CT90-0480), from the Ministerio de Educacidn y Ciencia DGICYT, Spain , and from the Deutsche Forschungsgemeinschaft (Wi 698-3).
Correspondence to: M. Garayoa mammalian kidney, amphibian and reptilian urinary bladders, frog skin, avian osteoclasts, and mammalian phagocytic cells (reviewed by Gluck 1992; Harvey 1992) . Evidence for a V-ATPase in the plasma membranes of insect gastrointestinal and sensory epithelia (Schweikl et al. 1989; Klein and Zimmermann 1991; has also been reported. The physiological importance and ubiquity of V-ATPases have led to them being described as among the most fundamental ion pumps in nature. (Nelson 1992) .
For a long time, several models of insect epithelia (e.g., lepidopteran larval midgut, Malpighian tubules, sensory sensilla, and salivary and labial glands) suggested that a "K + pump" or more general "cation pump" was responsible for the transport of K + and/or Na + across apical membranes (Harvey et al. 1983a,b) . The identification of the naolecular components of this pump was first achieved in the K+-secreting goblet cells of lepidopteran (Manduca sexta) larval midgut; the presumed "electrogenic K + pump" was shown to correspond to a H+-transporting V-ATPase in parallel with a secondary electrogenic K+/2H + antiporter (Schweikl et al. 1989; Wieczorek et al. 1989 Wieczorek et al. , 1991 Wieczorek 1992; Lepier et al. 1994) . The hypothesis of a similar transport mechanism was then put forward for the above-mentioned transporting epithelia of insects, the common constituent being an apical vacuolar-type H+-ATPase that would energize different secondary active-transport systems Klein 1992) .
In Malpighian tubules, active transport of K + and/or Na + (depending on the feeding behaviour of the insect species) is coupled to water movements in the formation of an isosmotic primary urine (Maddrell 1977; Phillips 1981) . As indicated above, the transport system responsible for the electrochemical gradient of these cations across apical membranes of the Malpighian tubule cells was also thought to be a "cation pump". A first hint of proton-energized secretion in Malpighian tubules arose when the presence of an amiloride-sensitive antiporter, exchanging intracellular K + for luminal H +, was suggested in Drosophila hydei (Bertram 1989) . Subsequent studies in this species provided physiological evidence for a V-ATPase as the energizing element of the cation pump in Malpighian tubules, since bafilomycin A 1 (a specific blocker of V-ATPases) strongly inhibited fluid secretion (Bertram et al. 1991) . Inhibitory effects of bafilomycin A 1 on urine formation have also been reported in Malpighian tubules of Formica polyctena (Weltens et al. 1992; Dijkstra et al. 1994) , Aedes aegypti (Pannabecker and Beyenbach 1993), and Onymacris sp. and Glossina sp. (see Nicolson 1993) . These physiological data, among others, have recently led to reinterpretation of the classical models for transport across Malpighian tubules (Nicolson 1993 ). In the current interpretation, the original "cation pump" would correspond to a H +-pumping V-ATPase coupled to a cation/H + antiporter(s) (Maddrell and O'Donnell 1992) .
The forest ant E poIyctena has been used extensively as a model for the study of cellular mechanisms of ion and fluid secretion in Malpighian tubules (reviewed by Van Kerkhove 1994) . Electrophysiological studies in this species show the presence of a H + pump at the apical membranes of the tubule cells that creates a cell-inward proton gradient (Leyssens et al. 1993; Zhang et al. 1994) and that this pump is a vacuolar-type ATPase (Weltens et al. 1992; Dijkstra et al. 1994) .
One aim of the present study was to search for morphological support of physiological data on an apical VATPase in the Malpighian tubules of F. polyctena. The immunolocalization of a V-ATPase in this secretory epithelium has been carried out using antibodies against different subunits of the pump. A previous morphological characterization of Malpighian tubules in E polyctena has been performed as a prerequisite for the present work (Garayoa et al. 1992) . No example of a combined physiological and immunocytochemical approach to show the presence of a V-ATPase in Malpighian tubules has been reported thus far.
From the physiological studies mentioned above, it is known that the rate of urine formation in E polyctena is strongly dependent on the K + concentration in the bathing Ringer solution (Van Kerkhove et al. 1989 ) and can be stimulated by addition of cyclic AMP (De Decker 1993) . Regulation of fluid secretion in Malpighian tubules may entail changes in the density of V-ATPase pumps in the apical membranes of tubule cells. Evidence for the involvement of vesicles in insertion or retrieval of V-ATPases in the plasma membranes has been reported in intercalated cells of mammalian kidney in response to changes in proton-transport capacity (Bastani et al. 1991; Brown et al. 1992) . To test if a difference in the distribution of the V-ATPase in E polyctena could be involved in the regulation of fluid secretion, immunocytochemical tests have been carried out on tubules maintained under different secretion conditions prior to fixation.
Materials and methods
Worker ants of Formica polyctena (Hymenoptera, Insecta) were kindly supplied by Prof. Dr. R Steels (Basic Medical Sciences Department, Limburgs Universitair Centrum, Diepenbeek, Belgium). Animals were kept at 20~ and fed with sugar and water ad libitum. Specimens were beheaded, and the digestive tracts with attached Malpighian tubules were dissected out. Dissections were made under Ringer solution A, similar in osmolality to E polyctena haemolymph (Van Kerkhove et al. 1989) .
Some specimens were fixed for 2 h in 4% glutaraldehyde in 0.1 M phosphate buffer, posffixed in 1% OsO 4 in 0.06 M phos phate buffer, and processed for embedding in Epon 812. Semithiu (1 gm in thickness) and thin (30 nm in thickness) sections were made to study the histology and ultrastructure of Malpighian tu bule cells (Garayoa et al. 1992) . Other specimens were used in the immunocytochemical study. Prior to fixation, the Malpighian tubules, together with the neighbouring regions of gut, were maintained for 30 min at room temperature in either 1) Ringer solution A (containing 5 mM K § and 57 mM C1-), in which a low rate of transport in the Malpighian tubules is known to occur (Van Kerkhove et al. 1989) , or 2) Ringer solution E (the same osmolality as Ringer solution A but containing 113 mM K + and 143 mM CF) and 10 5 M ehlorophenylthio-cyclic AMP (monosodium salt: Sigma, Alcobendas, Spain). In the latter condition, the secretion rate in the Malpighian tubules is stimulated (Van Kerkhove et al. 1989; De Decker 1993) . For ionic compositions of Ringer solutions, see Van Kerkhove et al. (1989) .
Antibodies
The primary antibodies to V-ATPases used in this study and their subunit specificities are shown in Table 1 . The production of antibodies to V-ATPase from Manduca sexta midgut will be described elsewhere (U. Klein, M. Timme, FJ.S. Novak, A. Lepier, W.R. Harvey, and H. Wieczorek, unpublished methodology). The antibodies were screened for binding to detergent-solubilized VATPase in membrane-fraction band "B2" and additionally screened for binding to single subunits by gel blots of sodium dodecyl sulphate-denatured midgut V-ATPase.
Antibodies to bovine kidney V-ATPase were kindly supplied by Dr. Stephen Gluck (Department of Cell Biology and Physiology, Washington University School of Medicine, St. Louis, Mo., USA). Antibody B56-CT is directed against a C-terminal peptide of the kidney isoform of the MU56000 subunit (Brown et al. undiluted cell-culture 31 (subunit E) supernatant a Mouse monoclonal antibodies raised against purified native VATPase from Manduca sexta midgut. Antibodies were used either as cell culture supernatant or protein G-affinity IgG fraction. In the latter, the given protein concentration is a mixture of mouse and bovine IgG in varying proportions (about 50%), determined by optical absorbance (ODzs0nmX0.75=mg/ml) b Antibodies against bovine renal V-ATPase. Antibodies R 3 and B56-CT are polyclonal antibodies made in rabbit; antibody E11 is a supematant of monoclonal antibody 1992; Gluck et al. 1992) . The specificity of antibody Eli to Mr_> 31000 polypeptides has been reported by immunoblotting on twodimensional gels of affinity-purified brush border V-ATPase from bovine kidney (Hemken et al. 1992) .
In order to compare the effects of different fixation and processing methods, antibodies were tested using either immunofluorescence microscopy on cryosections or the avidin-biotin complex technique on paraffin sections.
tmmunoftuorescence microscopy
Samples were fixed at 4~ for 1.5 h in either 3% paraformaldehyde/0.2% saturated picric acid in 0.1 M phosphate buffer (PB; pH 7.3) or 2% paraformaldehyde/0.1% saturated picric acid in PB. After washing in PB, the tubules and gut were transferred successively to 10% (w/v) sucrose in PB for 2 h and 25% (w/v) sucrose in PB for 12 h. The material was placed in small pieces of boiled liver to control the orientation of the tubules, covered with Reichert-Jung embedding medium, and frozen in melting isopentane (-160~ Sections (8-10 ~tm in thickness) were cut in a Reichert-Jung Frigocut 2800 cryostat at -28~ and collected on coverslips coated with 0.02% aqueous poly-L-lysine.
The immunofluorescenee procedure followed that of Klein and Zimmermann (1991) . Cryosections were incubated for 5 min each in 1) 0.01% Tween 20 in phosphate-buffered saline (PBS; pH 7.3); 2) 50 mM NH4C1 in PBS; 3) PBS; and 4) a blocking solution of 0.1% ovalbumin and 0.5% gelatine in PBS. Subsequently, the sections were incubated overnight at 4~ with monoclonal or polyclonal antibodies diluted in the blocking solution (Table 1) . Following three washes of 5 min each in PBS, the sections were incubated for 1 h at room temperature in tetramethylrhodamine isothiocyanate (TRITC)-coupled goat antimouse IgG (Sigma) or TRITC-coupled goat antirabbit IgG, diluted 1:50 in PBS. In addition, serial sec-tions of those incubated with the specific antibodies were stained for 1 h at room temperature with 0.66 mM BODIPY FL-labelled phallacidin (Molecular Probes, Orlando, F1., USA). Phallacidin is a peptide that binds specifically to actin filaments, and BODIPY FL is a fluorophore that has excitation and emission wavelengths similar to those of fluorescein but is more photostable. Finally, all sections were washed three times in PBS for 5 min each and mounted in Farbwerke Hoechst Mowiol 4.88 with n-propyl-gallate to retard fading. The sections were examined under a Zeiss Axiophot microscope equipped with epifluorescence and interference optics (filter set for TRICT-fluorescence: BP 546/12, Fr 580, LP 590; filter set for BODIPY FL-fluorescence: BP 450-490, FT 510, LP 520). Micrographs were taken on Kodak Tmax 400 film.
Avidin-biotin complex technique
Some specimens were fixed in Bouin's fluid for 4 h at 4~ and embedded in paraffin. Sections (4-6 gm in thickness) were treated with the avidin-biotin complex (ABC) technique according to Hsu et al. (1981) . After removal of paraffin with xylene, blocking of endogenous peroxidase was achieved with 3% H202 in methanol. Sections were hydrated through alcohols and then rinsed in 0.55 M TRIS-buffered saline (TBS; pH 7.4). Background blocking was avoided with 5% normal rabbit or swine serum, prior to incubation for 12 h at 4~ with the specific monoclonal or polyclonal antibody (Table 1) . After rinsing in TBS, sections were incubated with biotinylated rabbit immunoglobulins to mouse immunoglobulins or biotinylated swine immunoglobulins to rabbit immunoglobulins (Dakopatts, Glostrup, Denmark). Following a second rinse in TBS, the sections were treated with avidin-biotin peroxidase complexes (Dakopatts). After additional washes, peroxidase was demonstrated by the diaminobenzidine/H202 method. Micrographs were made with Agfapan APX 25 film. Immunocytochemical controls included 1) negative controls by replacement of primary antiserum with blocking solution or with either normal mouse (for monoclonal antibody) or rabbit (for polyclonal antibody) serum and 2) positive controls on sections of M. sexta midgut and mouse kidney.
Results
The excretory system of Formica polyctena consists of 12-20 Malpighian tubules draining into an ampulla, a slightly enlarged region between midgut and hiudgut (Garayoa et al. 1992) . These tubules show a single layer of cuboidal cells (16.5_+0.5 g m [mean_+SE] in height [n=66]), and only one cell type has been observed along the length of the tubules (Fig. 1) . The cytological traits of this epithelium are those of highly metabolic cells engaged in fluid secretion: large euchromatic nucleus with several nucleoli, a conspicuous brush border, basolateral infoldings, and abundant mitochondria beneath the microvilli, throughout the cytoplasm, and within the basal infoldings (Figs. 1, 2) .
Immunofluorescence labelling
The immunofluorescence tests on cryosections using antisera to different subunits of insect and bovine V-ATPases gave positive results for antibodies 230-1, 184-3, (Figs. 3a, 4a ) than for antibody B56-CT (Fig. 5a) ; not all tubules stained for B56-CT antibody.
In both longitudinal (Fig. 4a ) and transverse sections (Figs. 3a, 5a ) of Malpighian tubules, fluorescent staining was seen on the apical zones of epithelial cells. The labelled areas could be identified as the epithelial brush borders on the corresponding interference-contrast micrographs (Figs. 3b, 4b, 5b) . Furthermore, when serial sections of the tubules were incubated with either a VATPase-specific antibody (Fig. 6a) or phallacidin (Fig. 6b) , both labels colocalized to the region of the brush border. In addition, phallacidin labelled the surrounding actin-rich muscle cells (Fig, 6b) . When cryosections were excited by green light to observe the red fluorescence of TRITC, bright spots were sometimes observed in the cytoplasm of tubule cells in addition to labelling of the brush border of the tubule epithelium (Figs. 4a, 7a ). These bright spots remained when illuminated with blue excitation (Fig. 7b) , thus indicating autofluorescence that likely corresponds to mineral concretions but not to specific staining for V-ATPase pmnps. Control sections incubated in blocking solution instead of specific antiserum showed no imnmnostaining on the tubule cells (Fig. 8) , and replacement of the specific antiserum by mouse or rabbit normal serum gave the same negative result. Controls on Manduca sexta midgut and mouse kidney sections yielded positive results (data not shown).
To test a possible change in the distribution of the VATPase in response to different transport activity of the tubules, antibodies 184-3 and 230-1 were tested on tubules maintained in conditions of low (Fig. 4a) or stimulated (Figs. 3a, 5a , 6a, 7a) fluid secretion before fixation. No differences in the distribution of V-ATPase immunostaining were found. In both sets of tubules, the labelled areas were restricted to the epithelial brush borders with no apparent differences in staining intensity.
Immunocytochemistry with the avidin-biotin technique
Paraffin sections only gave positive results when tested with antibody Ell to the M r 31 000 subunit of bovine kidney H+-ATPase. The immunolabelling was also localized at the epithelial brush borders of Malpighian tubules (Fig. 9) .
Discussion
The antibodies generating positive results in this study bound to defined subunits of Manduca sexta midgut and bovine kidney V-ATPases. Three antibodies (184-3, 230-1, and Ell) recognized subunit E, which is now accepted as a general constituent of V-ATPases. Although the function of subunit E is not yet fully understood, a role in directing the V-ATPase to the microvilli has been proposed for certain kidney isoforms (Hemken et al. 1992) . Antibody B56-CT bound to subunit B of bovine kidney V-ATPase, which has been suggested to have a regulatory role affecting the overall enzymatic properties of the pump .
In all cases the immunocytochemical tests with antibodies 184-3, 230-1, and Ell localized the V-ATPase at the apical regions of Malpighian tubule cells in Formica polyctena. When immunolabelled sections of thetubules and corresponding interference-contrast micrographs are compared, the immunostained areas match exactly the brush borders of the lining epithelia. Likewise, phallacidin labelling of actin-containing microvilli of the tubule cells is coincident with immunolabelling of the' tubules in serial cryosections, thus giving further evidence that the V-ATPase is located in the brush border.
As reported in a previous ultrastructural Study of Malpighian tubules in F. polyctena (Garayoa et al. 1992) , the brush border consists of numerous long and slender microvilli which greatly increase the surface areas of plastua membranes involved in microtransport processes. In tubules of E poIyctena, mitochondria are not located within the microvilli, as is the case in other insects (Wall et al. 1975; Bradley and Satir 1981; Montuenga et al. 1985) but are spread throughout the cell, being especially abundant in the apical cytoplasm beneath the microvilli. Both V-ATPase and mitochondrial H+-ATPase are multiSubunit complexes, having evolved from a common ancestral gene and bearing sequence homologies in related subunits (Nelson and Taiz 1989; Gogarten and Starke 1992) . Our results show no crossreactivity with mitochondrial H+-ATPase, since no iramunostaining is observed in the apical cytoplasm of tubule cells.
In micrographs of longitudinally sectioned tubules, the labelling on the brush border is evident along the entire length of the tubules. Since ultrastructural studies have shown that the Malpighian tubules of E polyctena consist of only one cell type (Garayoa et al. 1992) , it can be assumed that the V-ATPase energizes the cation transport at the apical membrane along the full length of the tubule.
The immunocytochemical localization of V-ATPase at the microvilli of Malpighian tubule cells in E polyctena gives support to recent physiological studies on this species. Such studies strongly support the presence of this enzyme at the apical membranes of tubule cells, either by application of specific inhibitors of the pump (Weltens et al. 1992; Dijkstra et al. 1994) , by intracellular and luminal pH measurements (Leyssens et al. 1993; Zhang et al. 1994) , or by luminal acidification (Dijkstra et al. 1994) . Thus, the excretory tubules of E poIyctena constitute the first example of an insect Malpighian tubule epithelium in which the presence of a V-ATPase has been shown both by direct physiological demonstration of a bafilomycin-sensitive proton pump and immunocytochemical localization with specific antibodies. In other insect genera, the presence of a V-ATPase in the Malpighian tubules has also been shown by studying the inhibitory effects of bafilomycin A t on fluid secretion (Bertram et al. 1991; Pannabecker and Beyenbach 1993) . In M. sexta, labelling at the apical region of Malpighian tubules has also been reported using antibodies against midgut V-ATPase from M. sexta Klein 1992) , and antibodies against beet-root Mr 57 000 V-ATPase subunit (Russell et al. 1992) . Apart from Malpighian tubules of E poIyctena, only the apical V-ATPase of the goblet cells of M. sexta midgut epithelium has been studied using a multifaceted (biochemical, physiological and immunocytochemical) approach.
Not all of the antibodies used in this study rendered positive immunolabelling. Some reacted only when cryosections of paraformaldehyde-fixed tissues were used, whereas others gave positive results only when applied to paraffin-embedded tissue fixed in Bouin's fluid. This shows the influence of fixation and subsequent histological procedures on immunocytochemical localization of V-ATPases. A partial destruction of the antigen recognized by the B56-CT antibody or a reduced accessibility for the binding sites could explain the weaker labelling of this antibody in contrast to the labelling obtained with antibodies 184-3 and 230-1. On the other hand, the ability of antibodies directed against M. sexta midgut V-ATPase and bovine kidney V-ATPase to recognize immunologically related epitopes in Malpighian tubules of E polyctena suggests a close structural kinship between V-ATPases among insect species and between mammals and insects. In fact, the cDNA sequences encoding subunits A, B, and E from insect V-ATPases have been reported (Gill and Ross 1991; Gr~if et al. 1992 Gr~if et al. , 1994 Novak et al. 1992) , and a high degree of similarity has been found when compared to the subunits of other eukaryotic V-ATPases, especially those originating from mammalian kidney.
The regulatory role of V-ATPase in response to physiological stimuli has been studied in the kidney. Immunocytochemical studies localized this enzyme primarily to the proximal tubule cells and intercalated cells of collecting tubules (Brown et al. 1988a,b) . The regulation of transepithelial H + transport in response to changes in the acid-base balance of the organism has been reported to be partially achieved by changes in the distribution of VATPase within the intercalated cells. Thus, adaptation to acidosis or alkalosis (Madsen and Tisher 1984; Bastani et al. 1991) or to levels of pCO 2 (Schwartz and A1-Awqati 1985; Verlander et al. 1987) has been shown to imply shuttling of V-ATPase between a specialized intracellular vesicular compartment and the plasma membrane. In addition to these changes in enzyme distribution, changes in the kinetics of V-ATPase activity are also responsible for the regulation of renal H + secretion ; regulatory proteins have been identified and purified from bovine kidney cytosol with specific inhibitory (Zhang et aI. 1992a) or activating (Zhang et al. 1992b ) effects on bovine V-ATPase.
To test the hypothesis that the regulation of fluid-secretion rate in Malpighian tubules of E polyctena may also be exerted by changes in the distribution of VATPase, the tubules were maintained in different secretion conditions for 30 min before fixation, a period of time in which the fluid secretion rate did not decrease (Van Kerkhove et al. 1989) and in which the peak of stimulation by chlorophenylthio-cyclic AMP was reached (De Decker 1993) . Such a period of time is also long enough to allow a possible traffic of vesicles from or towards the plasma membrane; for instance, ultrastructural changes in the form of membrane insertion into and deletion from the apical microvilli have been reported in lower Malpighian tubules of Rhodnius prolixus 10 min after in vitro stimulation with 5-hydroxytryptamine (Bradley and Satir 1981) . Evidence has been presented for a second-messenger role of cyclic AMP in Malpighian tubules of F. polyctena (De Decker 1993) , although the precise cellular mechanisms of its action must still be fully worked out. Our results showed no immunostaining differences (such as changes in the location of the label or appearance of labelled cytoplasmic vesicles) between the slow-and fast-secreting sets of tubules. Therefore, mechanisms other than changes in the distribution of V-ATPase must occur; an increase of the turnover rate of the electrogenic proton pump, or a larger number of pumps being activated, have already been suggested, among other processes, as taking place when cyclic AMP stimulates tubule secretion in E polyctena (De Decker 1993) . Since cyclic AMP is only one of the intracellular second messengers that might be involved in the control of tubule activity, the possibility remains that activation of another second-messenger pathway might lead to changes in V-ATPase localization.
Our immunocytochemical results strongly support the occurrence of a vacuolar H+-ATPase at the brush borders of Malpighian tubules in F. polyctena, corroborating previous physiological data on the cellular mechanisms of urine formation in this species. Further validity is given to the hypothesis suggested from the M. sexta midgut model for the presence of a V-ATPase energizing different secondary transport processes in ion-transporting epithelia of insects. This work is also consistent with the existence of proton gradients driving ion secretion across animal plasma membranes.
